Abstract:
Introduction
The development and use of biomaterials as implants in biomedicine is becoming increasingly important, as the life expectancy in developed countries exceeds 80 years. Concurrently, people are exposed to osteoporosis that attacks and damages bone tissue leading to major lack of osseous mass. In addition to aging, soft and hard tissues are damaged or fractured as a result of traumatic injuries. Therefore, the development of biomaterials [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] over the last two decades that can be grafted in the human body to replace or repair damaged tissues has become an important area of research in tissue engineering sciences. Vallet-Regi [1] has defined biomaterials as implantable materials that perform their function in contact with living tissues. Depending on their function, they can be manufactured from very different materials, including metals, polymers, ceramic materials or their composites.
Williams [2] defined biomaterials as follows: "A biomaterial is a substance that has been engineered to take a form which, alone or as part of a complex system, is used to direct, by control of interactions with components of living systems, the course of any therapeutic or diagnostic procedure, in human or veterinary medicine".
Biocomposite materials based on a polymer matrix reinforced with (nano)hydroxyapatite (gel) have been developed [11] [12] [13] [14] [15] [16] [17] [18] as an alternative biomaterial to titanium alloys in the replacement of diseased or damaged cartilage. 
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A series of poly(vinyl alcohol) membranes reinforced with hydroxyapatite in various weight percent -0%, 10%, 20%, 30%, 40% and 50% were prepared. Hydroxyapatite was prepared by a sol-gel procedure using diammonium hydrogen phosphate and calcium nitrate tetrahydrate as starting materials in an alkaline aqueous environment and then mixed with a solution of poly(vinyl alcohol), which was prepared by dissolving it in water at 85°C. The different mixtures were cast in a mould and evaporated for 7 days at a temperature of 30°C to obtain 1 mm thin membranes. FTIR spectroscopy was used to identify the different functional groups in the composites. The surface morphology was examined using a scanning electron microscope. In vitro bioactivity tests in Simulated Blood Fluid were performed for up to 28 days, especially for the membrane containing 50 wt.% HA. SEM was used to characterise the surface microstructure of biocomposite membranes before and after soaking in SBF. It was observed that the formation of clusters in membranes increases with increasing amount of HA. The clusters are formed due to agglomeration and crystal growth of HA particles during drying of the membranes. The in vitro bioactivity was found to increase with soaking time of biocomposite materials in simulated blood fluid.
The applications of poly(vinyl alcohol) (PVA) as a biomaterial to replace or to repair some hard and soft tissue, like articular cartilage, have increased in recent years [19] . The main reason for the application of PVA, namely as an injectable gel, is its excellent biocompatibility and biotribological properties [16, 19, 21, [22] [23] [24] . Also, its highly porous structure with high content of free water, which is similar to that found in soft tissue, makes it an excellent potential biomaterial for the replacement of natural articular cartilage.
However, the major drawback of biomaterials based on PVA (hydrogel) is their lack of adhesive and mechanical fixation to natural tissue. Indeed, PVA (hydrogel) itself does not adhere biologically or chemically to tissue due to its bioinertness. Long-term fixation of PVA (hydrogel) implants to the surface of living tissue by suture or other means is also difficult to guarantee. Other shortages of PVA implants are their low mechanical strength as compared to natural hard tissues.
The application of implants based on sintered calcium phosphate ceramics like hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 -HA) for bone and dental reconstruction is known worldwide because of its excellent biocompatibility [9, [12] [13] [14] [15] [16] , as it is a major inorganic mineral component of hard biological tissues. Hydroxyapatite implants also exhibit high bioactivity [9] and high osteoconductivity despite their low degradation rates [5] and relatively good mechanical properties. Hydroxyapatite can be used as a solid or as an injectable gel [14, 20] . Unfortunately, HA-based implants have limited applications because of their brittleness and poor long term mechanical stability, which makes them suitable primarily for the regeneration of non-load-bearing bone defects. Natural HA and synthetic HA can differ in their chemical composition and behavior. It is known that most synthetic HA molecules are stoichiometric, with a chemical composition of (Ca 10 , F -. Therefore, the Ca/P molar ratio in bone is lower than 1.67, compared to a molar ratio of Ca/P in synthetic HA [25] . It has been reported [10, 17] that this ratio can be an important factor in cell adhesion, proliferation and bone remodeling and formation.
To overcome the shortages of PVA and HA alone as implants, polymer-bioceramic composites have been intensively developed in the last decade [9, 11, [26] [27] [28] [29] [30] . Synthetic biocomposite materials must be suitably tailored in order to perform some specific functions, for example to improve the mechanical properties of the polymer or the toughness of HA. The tremendous amount of research on polymer-ceramics biocomposites is justified by the fact that bone is an anisotropic composite consisting mainly of organic polymers (collagen and fibrin protein) and inorganic ceramic minerals (poorly crystalline, nonstoichiometric, carbonated or substituted HA).
Among In the reinforced polymer matrix, the principal role is played by the interfacial bonds between polymer molecules and fillers. Wang et al. [4] have reported that these bonds depend on the hydrophilicity or polarity of both fillers and polymers.
The hydroxyapatite minerals present in polymer matrices provide active sites for biomineralization and also for cellular attachment. It is well established that bioactivity of materials is tied to their ability to form a strong biointegration with host tissue through the bonebiomaterial interface due to the formation of bone -like hydroxyapatite in vitro or in vivo.
The development of biocomposite materials was motivated by the fact that pure materials alone can not meet all requirements for biomedical implants. Generally, a composite material consists at least of two chemically distinct phases which coexist as a matrix-filler entity.
Many factors such as type and content of filler in the polymer matrix and matrix properties (e.g. molecular weight) have a significant influence upon the properties of composite materials [3] . In the case of biocomposites, other factors such as biocompatibility of the filler or matrix, the degradation rate of the matrix and non-toxicity must be considered. Work describing the preparation and characterisation of a nano-hydroxyapatite/poly(vinyl alcohol) hydrogel biocomposite [23] was not extended to the bioactivity evaluation, and few works have dealt with the synthesis of membrane polymer-ceramic biocomposite.
The present work was undertaken to synthesise a poly(vinyl alcohol) biocomposite membrane reinforced by nanoparticles of hydroxyapatite and to characterise the matrix-filler bonding. The microstructure of various biocomposite membranes before and after soaking in Simulated Blood Fluid was studied to evaluate its bioactivity. 
Experimental
Samples preparation
Method of hydroxyapatite preparation
Diammonium hydrogen phosphate (NH 4 ) 2 HPO 4 and calcium nitrate tetrahydrate Ca(NO 3 ) 2 •4H 2 O were mixed in aqueous solution at the required ratio Ca/P 1.67. The reaction (Eq. 1) was carried out in an alkaline environment at a pH value of 9 by the addition of ammonium hydroxide solution. These conditions and intensive stirring led to gelation of the solution. The gel was then washed many times with distilled water and pH measurements were taken until the gel pH was neutral, so all the ammonium ions were washed out.
Fine hydroxyapatite particles were synthetized via the following reaction:
Poly(vinyl alcohol) preparation
Poly(vinyl alcohol) was dissolved in distilled water during constant stirring at a temperature of 85°C for 4 hours until the entire solid polymer was dissolved. The amount of polymer used was 21 g dissolved in 400 mL of distilled water.
Composite membrane preparation
A set of poly(vinyl alcohol) (PVA) and hydroxyapatite (HA) composite membranes were prepared with various HA wt.%: 0%, 10%, 20%, 30%, 40% and 50%. A poly(vinyl alcohol) solution at a temperature around 85°C was stirred while adding pre-weighed quantities of hydroxyapatite solution. This blend was mixed for 15 minutes to homogenize it. Then 40 mL of the mixture was transferred into a mould using a pipette. The mould had a dimension of 8×8 cm. The mixtures prepared by this procedure were dried at 30°C for 7 days. After the drying process, membranes of thickness near 1 mm were removed and were ready for further testing.
SEM
The surface morphology was examined using a JEOL JSM-7600F scanning electron microscope. The surface of the biocomposite membranes after soaking in SBF was analyzed by SEM (TESLA BS 300) to detect the structure and homogeneity of the composites.
Infrared spectroscopy
Infrared spectra of composite materials were recorded using a Spectrometer Thermo Nicolet iS10 (Thermo Scientific) and the KBr pellet technique. Pellets were prepared by pressing the mixture of precursor and dry KBr with a mass ratio of 1:100. All spectra were recorded in the wavenumber range from 4000 to 500 cm -1 .
Bioactivity testing
The bioactivity of the membranes with various HA content in PVA matrix was tested using the in vitro SBF method. The ion composition of simulated blood fluid (Table 1) is nearly equal to inorganic ion concentrations of human blood plasma and was prepared according to literature [7, 10] . The composition of prepared SBF, in mmol L -1 , was as follows: 142.0 Na + , 5.0 K + , 1.5 Mg 2+ , 2.5 Ca 2+ , 148.8 Cl -, 0.5 SO 4 2-, 1.0 HPO 4 2-and 4.2 HCO 3 -. Cleaned samples of size 1×1 cm were immersed and stored in the incubation apparatus (Binder BD 115) for 2 hours, 7 days and 28 days at a temperature of 37.0°C. The microstructure of the membrane surfaces was analyzed before and after soaking in SBF by SEM.
Results and discussion
The set of samples was arranged from the membrane consisting of pure PVA to membranes with increasing content of HA in order to compare the transparency of the samples. The expectation was that transparency decreases with increasing amount of filler in the PVA matrix, which proved to be true. The samples with increasing HA in PVA changed their colour to white (Fig. 1) . The long shaped clusters were observed along with lone HA needles .The 40% HA specimen shows that the matrix is saturated with the HA filler. The HA is dispersed all over the testing area and the HA clearly grows into the surface of the membrane and causes its roughness. The 50% HA specimen was difficult to observe because of charges during scanning. The surface was gilded. The 50% HA sample showed huge agglomerates, which grew through the surface and made the specimen very rough. Hydroxyapatite particles were of nanometer size, as shown in Fig. 7 . The uniform dispersion of hydroxyapatite in the poly(vinyl alcohol) matrix depends on the concentration and particle size of fillers. At lower concentration, the formation of chemical bonding between HA and PVA, such as hydrogen bonding and/or hydroxylcalciumhydroxyl ([HO-]-Ca 2+ -[-OH]) bonding occurs, allowing the uniform dispersion of HA in the poly(vinyl alcohol) hydrogel matrix, as reported elsewhere [23] . Espirages et al. [30] have found that the higher the amount of HA in bioactive acrylic bone cements, the higher were the compressive and tensile moduli. As the percentage of HA increased to 20 wt.%, the heterogeneity of the material was higher. At that point, aggregated or agglomerated HA particles start to act as stress concentration points, giving rise to a more brittle material with a lower ultimate tensile strength [30] [31] [32] .
Aggregation and agglomeration of particles occur as a result of Brownian, gravitational forces and surface tension forces acting on the particles. As it is well established [35] , the particular characteristic of colloidal particles is their large surface area, and they have a tendency to agglomerate. Thus, the stability of colloidal dispersions, determined by the interaction between particle interfaces, can be viewed from the thermodynamic principle of Gibbs free energy, G, at constant temperature and pressure [35] :
where γ is surface tension and dσ is surface area change. Thus, the increase in the interfacial area causes an increase in the free energy. Due to surface tension, the interface is related to an increase in the Gibbs free energy [34] .
As the surface area of particles increases, the stability of the suspension becomes thermodynamically disturbed. In a suspension where interparticle collisions take place, the interaction between two particles may be formalized according to the familiar Leonard-Jones potential U, and interparticle distance, r.
Long-range attraction forces, which cause aggregation, can be disturbed by creating a shell around each particle that supports dispersion stability (from a thermodynamics point of view, the system becomes metastable). This is usually carried out by adsorption of molecules or ions on the particle surface [35] .
The morphology of HA particles was changed, not only due to the filler concentration, but also due to the temperature (30°C) and time (7 days) involved in the preparation of the membranes. These conditions have greatly influenced the HA crystal growth.
FTIR characteristics
The FTIR spectra of different biocomposite membranes are shown in Fig. 8 The results show the intensity of absorbance increasing with the amount of HA in the samples in the adsorption range from 3000 cm -1 to 3500 cm -1 . A broad and strong band at 3360 cm -1 , which characterizes the O-H stretching frequency, is well detected due the increasing presence of HA in composite materials.
The PVA spectrum indicates a wide and intense band due to the presence of hydroxyl groups (O-H) at 3441 cm -1 . The bands corresponding to the (-CH 2 -) asymmetric and symmetric stretching are visible at around 2800 cm -1 . The band at 1400 cm -1 can be attributed to O-H and C-H bending. The absorption peaks at 1110 cm -1 are related to C-O stretching. The band at 900 cm -1 results from an angular deformation outside the plane of the O-H bond. The absorption bands at 1625 cm -1 are due to symmetric stretching of the carboxylate anion (-COO-) [29] . The intensity of the spectrum at around 1330 cm -1 increases with increasing content of HA in samples and is assigned to the phosphate group PO 4 3-. Fig. 9 shows the spectrum of pure HA powder. Bands at 630 and 3570 cm -1 indicate structural O-H groups in the n-HAp crystals. Bands located at about 1000 -1100 and 560 -570 cm -1 are attributed respectively to the ν3 and ν4 P-O vibration modes of regular tetrahedral PO 4 3-groups. The bands observed at 604 cm -1 correspond to O-P-O bending and ν1 symmetric P stretching modes. The ν1 symmetric stretching mode of the phosphate group is observed at 957 cm -1 . The bands observed at 1391 cm -1 are due to the stretching mode of carbonate, which may be due to the acquisition of air during mineral precipitation [27] . The band at 1641 cm -1 indicates the presence of H 2 O in HAp crystals [26] .
Changes were detected in spectra after composite formation, with the largest variation and shift in the band around 3300 -3400 cm -1 . The peak around 900 cm -1 of the PVA spectrum disappeared. These changes mark the chemical bond interactions between HA and PVA in the composite.
Bioactivity testing
The SEM pictures shown in Figs. 10-13 display the formation of HA on the surface of the 50% HA membrane composite during testing periods.
A very small amount of HA crystals were found on the pure PVA membrane after soaking in SBF for 28 days. But crystals were observed on all composite membranes after just 2 hours of soaking in SBF. Most of the membrane surfaces were entirely covered with crystals after 7 days of soaking in SBF. Pictures depict the formation of HA on the surface of the 50% HA composite during testing periods. The formation of the mineral layer was similar in the case of the other composite materials tested.
The number of nucleation locations of apatite crystals was adequate for the experimental time, and the apatite layer formed more rapidly on composites with a higher content of HA. The possibility to manage the degree of bioactivity makes PVA/HA composite membranes suitable to fulfill diverse requirements and can be useful as a tailor-made material for medical applications.
The process of HA formation on the surface takes place in three steps. First, there is a surface structural change that the membranes undergo after soaking in SBF as a result of the formation of a Ca-rich layer on their surfaces. In view of the change in the Ca/P ratio, the formation of a Ca-rich layer is a consequence of specific interactions of the HA surface with the calcium ions in the SBF [10] . The second surface structural change is the formation of the Ca-poor layer, during which the Ca-rich region on the surfaces of the HAs appears to interact with the phosphate ion in the fluid. The third surface structural change is the formation of apatite. The Ca-poor region on the HA layers appears to gradually crystallize into bonelike apatite, which stabilizes their surface structure in SBF [6] . The in vitro test in SBF proves that the bioactive properties of the PVA/HA composite membrane are due to the presence of HA particles in the matrix.
Conclusion
Poly(vinyl alcohol)/hydroxyapatite membranes were prepared with various amounts of hydroxyapatite. With increasing content of HA, membranes became more inhomogeneous and larger crystals of HA are observed due to crystallization during the membrane processing. The bioactivity of the membrane containing 50% of HA increased with increasing soaking time. Coarser particles of new apatites were observed on the surface of composite materials. The formation of an apatite layer on the surface of the composites after soaking in SBF demonstrates high in vitro bioactivity of the sample, which makes the composite a suitable candidate for applications as artificial cartilage.
